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Abstract
The aim of this study was to computationally resolve nucleosome
dynamics and chromatin structure. To achieve this we ran Monte
Carlo simulations of a base pair level model of a
mononucleosome. Additionally, we developed a graphical user
interface for generating a chromatin structure with realistic linker
DNA, which enabled us to calculate linking number and writhe
for different chromatin structures. The force extension curve of
our simulated mononucleosome shows similar behaviour to force
spectroscopy experiments.
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Chapter1
Introduction
1.1 From DNA to chromatin
One of the fundamental molecules in biology is deoxyribonucleic acid, of-
ten abbreviated as DNA. The structure, as first described by James Watson
and Francis Crick in 1953 [1], consists of two chains of sugar-phosphate
backbones wound around each other in a right-handed helix and con-
nected to each other by pairs of so-called nucleobases. There are four types
of nucleobases (Adenine (A), Thymine (T), Cytosine (C) and Guanine (G))
which interact with each other by hydrogen bonds. Adenine and Thymine
are able to form two hydrogen bonds while Cytosine and Guanine form
three. Therefore there are just four kinds of base pairs (either AT or CG and
their mirror images TA and GC) found in natural DNA. Since the nucle-
obases are complementary the bases on one strand completely determine
those on the other strand. This dual strand nature makes DNA a very sta-
ble molecule, and it has evolved to be the carrier of genetic information in
both prokaryotic and eukaryotic cells.
The number of base pairs in the DNA of different organisms varies
from 160.000 base pairs in a small bacterial endosymbiont [2] to 150 bil-
lion base pairs in Paris Japonicus, a Japanese herb [3]. Between those two
extremes lies the human genome with about 3 billion base pairs [4].
Bare DNA can be described as a worm-like chain with a persistence
length of around 50 nm [5]. A worm-like chain with a total length l, many
times larger than its persistence length p, forms a globule with an expected
radius 〈R〉 of :
〈R〉 =
√
Pl (1.1)
The human genome has a length of 2 meters and is divided into 46 chro-
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Figure 1.1: The nucleosome crystal structure as determined by Luger et al. [7].
The DNA is shown in brown and green, while the histone proteins are depicted
in blue, green, red and orange.
mosomes. According to Eqn. 1.1 the DNA would occupy a volume of
around 2× 107 µm3. This is significantly larger than the 5× 102 µm3 inte-
rior of the nucleus in which it is stored [6]. Hence an intricate mechanism
of compaction is required.
In eukaryotes compaction is achieved by organizing the genetic ma-
terial into chromatin. The fundamental unit of chromatin is called a nu-
cleosome (shown in Fig. 1.1). It consists of a (H3-H4)2 tetramer and two
H2A-H2B dimers, with 147 basepairs of DNA wrapped 1.7 times around
it. Its shape is roughly cylindrical, with a diameter of around 10 nm and a
height of around 4.5 nm. Histone-DNA interactions occur mainly through
hydrogen bonds between nitrogen atoms on the edges of the α-helices in
the histone proteins to the phosphate groups in the DNA backbone. These
bonds occur around every ten base pairs. In short, the nucleosome re-
sembles a protein cylinder with 147 base pairs of DNA wrapped 1.7 turns
around its side. The tails of H2A, H2B, H3 and two H4 N-terminal tails
extend from the nucleosome. The last are thought to be able to bind to
other nucleosomes [7].
Nucleosomes are connected by short strands of DNA called linker DNA
with lengths of 10 to 90 base pairs. Arrays of nucleosomes organize them-
8
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1.2 Chromatin fibers 9
selves into a 10 nm ”beads on a string-structure”. Through nucleosome-
nucleosome interactions, mediated by the H4 N-terminal tails, chromatin
folds itself into a 30 nm fiber. The structure of this fiber remains elusive,
and although shown in vitro [8] its existence in vivo remains controversial
[9][10][11].
1.2 Chromatin fibers
Two different fiber structures have been proposed: the solenoid (or one-
start) and the zigzag (or two-start) model, which are both depicted in Fig.
1.2. In the solenoid model the neighboring nucleosomes stack on top of
each other, face to face. This single stack coils itself into a left-handed
helix or solenoid [12]. In the zigzag model the nucleosomes form two
stacks. The nucleosomes interact with their next-neighbor. The two stacks
wind around each other, forming again a left-handed helix [13].
The length of the linker DNA has an important role in determining
in which of the above conformations the chromatin will fold itself. In a
solenoid fiber the linker DNA has to bend back to the next nucleosomes.
Longer DNA is easier to bend, therefore chromatin fibers with large linker
lengths are expected to fold in a solenoid. In the zigzag model the linker
DNA is straight, so nucleosome arrays with short linkers will arrange
themselves into this configuration. Using electron microscopy Robinson
et al. constructed fibers with linker lengths of 30 to 90 base pairs and mea-
sured their diameters and nucleosome line densities. These diameters did
not increase linearly with linker length, which indicates a solenoid struc-
ture [14]. However, crystallography experiments on a tetranucleosome
array with 20 base pairs of linker DNA show a zigzag structure [15].
1.3 DNA topology in chromatin
A way to distinguish between the two types of fiber is the linking number,
which can be measured experimentally [16]. The linking number derives
from studies of the topology of closed ribbons, and DNA, due to its two
stranded nature, can be described as a ribbon. It is loosely defined as the
number of times the edges of the ribbon (in the case of DNA: the two
phosphate backbones) are wound around each other in a covalently closed
circle [17]. This number cannot be changed unless one of the two strands
is broken and it is always an integer. When supercoiling of the ribbon is
allowed, the linking number is the sum of two parts: the writhe and the
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Figure 1.2: The two different models of the 30 nm fiber. On the left is the solenoid
model, in which each nucleosome is linked with the histone tails to it’s near-
est neighbor (according to DNA sequence). On the right is the zigzag model, in
which the histone tails link the nucleosome to its next-nearest neighbor. Figure
from Luger K., Dechassa M.L. and Tremethick D.J. (2012) [18].
10
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1.3 DNA topology in chromatin 11
twist. The twist is the number of times the ribbon rotates along its central
axis. The writhe is the number of times the axis crosses itself. In Fig. 1.3
several closed ribbons are shown with varying twists, writhes and linking
numbers.
Figure 1.3: The linking number (Lk), writhe (Wr) and twist (Tw) of several closed
ribbons. Note that ribbons with the same linking number can be smoothly de-
formed into each other.
Linking number and writhe are well defined for circular DNA but not
for an open ribbon. To calculate these numbers for an open ribbon a con-
nection between the two ends has to be defined (changing the type of rib-
bon from open to closed). However, this connection is not unique and
identical open ribbons with different connections may have different link-
ing number and writhes. It is therefore necessary to be consistent in the
method used for calculating linking numbers and writhes.
The method used in our research for calculating linking number for
open DNA strands was created by Rosetto and Maggs [19]. To close the
ribbon two parallel lines to infinity (S1 and (S2) are attached to the ends of
the DNA strand (P). Those two lines are connected by a circular closing
loop (C2). This scheme is shown in Fig. 1.4.
Under physiological conditions and without any applied torsion or
tension the DNA helix repeats itself every 10.4 base pairs. This means that
for straight DNA the relation between linking number (Lk) and number of
base pairs (nbp is given by Eqn. 1.2.
Lk =
nbp
10.4
(1.2)
Version of October 6, 2016– Created October 6, 2016 - 15:10
11
12 Introduction
Figure 1.4: The method for closing open DNA ribbons, as described by Rosetto
and Maggs [19]. To close the open DNA three segments are added to the open
DNA ribbon: two lines (S1 and S2) extending vertically from the ends of the DNA
chain to infinity and a half circle C at infinity connecting the the two lines. Because
it is unlikely for the DNA to cross one of those three segments the linking number
is conserved, as it is in closed DNA.
However, DNA in a chromatin fiber is highly curved and there is no
reason to expect this formula to hold in that scenario. Crystallography
experiments show that DNA in a nucleosome forms a superhelix wound
1.7 times around the histone proteins [7]. This would lead to a -1.7 turn
linking number difference in the DNA compared to relaxed DNA of the
same length when the histone proteins are removed from the DNA. This is
not the case, however, as experiments show that ∆Lk = −1 [20]. The most
accepted solution to this so-called nucleosome linking number paradox is
that the nucleosomal DNA is overwound [21].
Another contribution to the total linking number comes from the link-
ing DNA. In the solenoid model of chromatin the linking DNA is strongly
bent and might therefore have a different contribution to the linking num-
ber than a straight strand of the same length. Recent computational work
12
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1.4 Nucleosome dynamics 13
by Norouzi et al. [22] has indicated that the ∆Lk for zigzag fibers is also
dependent on linker length and it was proposed that this affects gene ex-
pression in yeast.
1.4 Nucleosome dynamics
Linking number is an invariant property and is not changed unless the
DNA strands are broken. However, this does not mean nucleosomes and
chromatin are static. To express a gene the chromatin in which is it con-
densed must be unpacked in a process called remodeling [23]. Therefore
the nucleosome is a highly dynamic structure allowing DNA to be accessi-
ble for transcription. Indeed, FRET experiments have shown that the first
27 base pairs of DNA are unwrapped reversibly and spontaneously 10 %
of the time in a process known as DNA breathing [24].
The response of a nucleosome to tension gives insight into its struc-
ture. This can be studied with force spectroscopy experiments. In these
experiments a single DNA molecule with one or multiple nucleosomes is
fixed to a glass cover slip at one end and a bead at the other. This bead
can be trapped and manipulated by a magnetic field (magnetic tweezers)
[25] or a laser (optical tweezers) [26] and its position can be monitored by
a camera. In this way the mechanical response to tension can be studied.
Mihardja et al. [27] used optical tweezers to study the response of a
single nucleosome to an applied force. They discovered that DNA unrav-
els in two transitions from the NCP. At 4 pN there is a reversible transi-
tion corresponding to the first turn unwrapping. The second unraveling
event occurs at a force that depends on the loading rate and is thus a non-
reversible stochastic process. These results are consistent with theoretical
models which reveal a energy barrier before the unwrapping of the second
turn of the DNA due to the geometry of the DNA [28].
A great aid for research into the effects of linker length on the folding of
chromatin fibers is the Widom-601 sequence [29], which has a high affinity
for binding with histone octamers. Using regularly spaced arrays of this
synthetic sequence allows researchers to precisely control the placement of
nucleosomes along a DNA molecule. This enables the creation of regularly
spaced nucleosome arrays and studying into the effects of linker length on
chromatin [30].
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1.5 Base pair level modeling
The worm-like-chain is used to interpret the results of single-molecule ex-
periments [5] [31] widely and theoretical studies based on this model have
given qualitative predictions [28]. However, this analytic treatment cannot
be applied to complex structures of DNA such as chromatin.
Molecular dynamics simulations are of great aid in understanding and
predicting the mechanics of small (on the order of ten to hundred base
pairs) DNA molecules, the effect of ionic strength, drug-DNA interactions
and transitions between different forms of DNA [32]. However, the com-
putation required to model kBp DNA structures and associated proteins
makes it unsuited for simulation of chromatin and nucleosomes. A model
with the relative simplicity of the worm-like chain but the structural in-
sight and rigorousness of molecular dynamics simulations is required.
An intermediate solution is to treat every nucleotide as a rigid body.
This is the basepair-level-model (BPLM) [33]. It can be used at a tension
below 70 pN [34] and a torsion smaller than 10 pN nm [35], a regime where
the base pairs are not supposed to melt (the breaking of base pairs between
the two phosphate backbones) or undergo structural transitions.
In the BPLM every basepair to basepair step is described by three trans-
lational parameters and three rotational parameters (see Fig. 1.5). In this
way the entire configuration of a DNA molecule with a length of N base
pairs can be described by a 6 (N − 1) parameters. The transformation from
Cartesian coordinates to this set of parameters is according to the Calla-
dine and Al Hassan scheme (CAHS) [36], which is also used in the 3DNA
software package[37] that we used to extract Helix parameters from nu-
cleosomes.
To simulate the mechanical response of DNA, consecutive base pairs
are connected by harmonic potentials in the six basepair step parameters.
The energy of a base pair-base pair interaction is given by the following
equation:
E =
1
2
(x− x0) K (x− x0) (1.3)
In which x is a six-dimensional vector containing the values of the base-
pair step parameters, x0 is the vector containing the mean base pair step
parameters and K is a six by six matrix which functions as the multidi-
mensional equivalent of the spring constant. Inserting this energy into the
Boltzmann distribution results in a multivariate Gaussian distribution in
the 6 basepair step parameters.
There are sixteen different of basepair steps, each of which has its own
14
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Figure 1.5: The six basepair step parameters. Shift, slide and rise correspond
to translations in respectively x, y and z, and tilt, roll and twist correspond to
rotations. Image reproduced from [37]
correlation matrix and mean values. The values for these parameters can
be obtained by molecular dynamics simulations [38] or by fitting a mul-
tivariate Gaussian to crystal structures from the Protein Database. The
Python library used in this research, HelixMC [39], created by F-C Chou
et al., uses the latter method.
Force spectroscopy experiments are simulated by adding a tension and
torsion term to the energy function, as shown in Eqn 1.4.
Etweezers = −zF + 12krot (Lk− Lkt)
2 (1.4)
The tension term is simply the helix extension (z) multiplied by the ap-
plied force (F). The torsion term is a harmonic potential in linking number
(Lk) around a target linking number (Lkt) with a spring constant krot. The
torsion term is a topological property. The way to calculate it for an open
base pair level (discrete) ribbon is given by F-C Chou et al. [39].
The base pair-level-model reduces tens of thousands of individual atoms
to just hundreds of base pairs, each defined by six degrees of freedom, but
this number of parameters is still large. It is unfeasible to calculate the low-
est energy state directly, so we used a Metropolis-Hastings Monte-Carlo
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algorithm [41]. Starting at the first base pair step, a new conformation is
drawn from the Boltzmann distribution as defined from the energy in Eqn.
1.3. One such draw from the distribution is called a Monte Carlo step.
The total energy of the DNA (minus the bending and twisting energy,
which are included implicitly by the distribution from which the confor-
mations are drawn) in this new conformation is compared to the total en-
ergy in the previous conformation, and the Monte Carlo step is accepted
with the following probability:
Paccept =
{
1, if ∆E ≤ 0
e−
∆E
kBT , if ∆E > 0
(1.5)
With Paccept the probability of accepting the new move, ∆E the difference
between the energy of the old and new configuration, kB the Boltzmann
constant and T the temperature. Moves which decrease the energy are
always accepted while the probability of accepting an energy increasing
move equals the Boltzmann factor.
This scheme is repeated sequentially for every base pair step in the
helix. After the whole helix has been updated in this manner, structural
helix parameters, like extension, linking number, writhe, nucleosome un-
wrapping and fiber step parameters, are extracted. Thus, a single instance
of such parameter is the result of thousands of base pair moves. In the
case of a pulling experiment, for example, this data is the extension in the
z-direction.
1.6 Outline of thesis
The above described framework is only suited for bare DNA without any
nucleosomal interactions. Nucleosomes and their higher order organiza-
tion play an important part in the regulation of gene expression and there-
fore it is valuable to include their interactions with DNA into base pair
level simulations.
In this research we created a software package based on HelixMC to in-
corporate nucleosomes into base pair level models and simulated mononu-
cleosome pulling experiments and breathing experiments. The pulling
simulations are in good agreement with experimental results, proving the
validity of our model.
Furthermore, a graphical user interface to create smooth linker DNA
for dinucleosomes was developed. Using these dinucleosomes as the build-
ing block of regular chromatin fiber we calculated the added linking num-
16
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ber and writhe due to chromatin for both the zigzag and solenoid con-
figurations. If correct, these linking numbers are a quantitative difference
between the two configurations and can be used to distinguish between
them.
Nucleosome-nucleosome interactions are not yet incorporated into the
model and thus it can not simulate chromatin dynamics, but we hope our
software provides a starting point towards complete base pair level simu-
lations of chromatin.
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Chapter2
Methods
2.1 The model
2.1.1 DNA-nucleosome interactions
For studying nucleosome dynamics we start by taking the base pair step
parameters from crystallographic data. Two crystal structures of the nu-
cleosome core particle were obtained from the Protein Data Bank (PDB)
[42]. The first, 1KX5 [43], is the palindromic NCP147 that was resolved
at a resolution of 1.9 A˚. The second, 4QLC [44], is a chromatosome, a nu-
cleosome with one bound linker histone, with the Widom 601 sequence
resolved at 3.5 A˚ resolution. The nucleotide sequences of those structures
can be found in Fig. 2.1 and Fig. 2.2.
The PDB files contains the location of the atoms in the nucleotide, but
HelixMC uses base pair step parameters. We used 3DNA [37] to carry
out this conversion. As interactions between DNA and the nucleosome
occur at the phospodiester groups facing the histone proteins, we calcu-
lated the distance between the center of mass of the central 80 base pairs,
which defines the center of mass of the whole nucleosome, and each of the
phosphate groups in the DNA backbones. This is shown in Fig. 2.3. The
contact base pairs are defined as those in which this distance is at a local
minimum.
We model the nucleosome-DNA interactions as a 14 ideal springs with
a maximal energy of Eads connecting the contact base pairs to their location
in the PDB file. This allows us to calculate nucleosome-DNA interaction
energy:
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Figure 2.1: The sequence of nucleosomal DNA from the 1KX5 PDB file
Figure 2.2: The sequence of nucleosomal DNA from the 4QLC PDB file
Ei =
{
1
2 k (ri − r0,i)2 , if |ri − r0,i| < rmax
Eads, otherwise
(2.1)
k is the spring constant, which value is estimated by assuming that
the standard deviation of contact base pair around its point is 0.5 A˚ and
solving the equipartition theorem for k, which leads to a spring constant
of 4 kBTA˚
−2. ri is the location of the ith contact base pair in the model
and r0,i the location of the equivalent base pair in the PDB file. Eads is the
adsorbtion energy per contact point, which determines the force at which
a nucleosome will unwrap. A rough theoretical estimate [46] sets it at 4kBT
per nucleosome. A contact base pair is a fixed base pair or bound to the
histone octamer when its interaction energy is less than Eads. The number
of fixed base pairs in each nucleosomes lies between one and fourteen.
Note that this method does not account for nucleosome repositioning.
However as we are interested in the behavior of chromatin fibers we ig-
nore such repositioning.
2.1.2 Alterations to the Monte Carlo algorithm
When the Monte Carlo algorithm is applied as described in the introduc-
tion two problems emerge. First, the averages of the distribution of step
parameters after one Monte Carlo step are quite different from the pa-
rameters found in the highly curved nucleosomal DNA. As a result the
20
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(a)
(b)
Figure 2.3: The distances of the phosphor atoms to the center of mass of the nu-
cleosomal DNA in the PDB file (y axis) plotted against the base pair index (x axis)
for the 1KX5 (Fig. 2.3(a)) and 4QLC (Fig. 2.3(b)) crystal structures. The contact
base pairs are the local minima in this graph and are marked by red circles in the
plot.
rewrapping of previously unwrapped DNA requires an excursion to a
very unlikely region of the distribution, although such rewrapping might
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lower the total energy. Because of this rewrapping of the nucleosomes
is very unlikely to occur when step parameters are drawn from the usual
Gaussian distribution. To mitigate this effect we modified the Monte Carlo
algorithm in the following way:
If the base pair step to be modified is the step before a contact base pair,
this step will be a rewrapping of all base pairs between this contact base
pair and the fixed base pairs up- or downstream from this point. This step
is accepted with the usual probability Paccept = e
− ∆EkBT .
The second problem is an asymmetry due to previous modification and
the direction in which the Monte Carlo algorithm is run. For a clear de-
scription of this problem we look at zero tension, where the only contri-
bution to the energy function comes from the adsorbtion energy of the
nucleosome. Most of the Monte Carlo moves between the the first fixed
base pair and the second will cause the first to become unwrapped, with
an energy penalty of Eads. The probability of accepting such a move is then
given by:
Paccept = e
− EadskBT (2.2)
The first fixed base pair will stay wrapped if the n moves between the
first and second fixed base pair are not accepted. The probability of un-
wrapping the previously fixed base pair at the starting base pair side of
the nucleosome is thus given by:
Punwrap, left =
(
1− e−
Eads
kBT
)n
(2.3)
However, the probability on the other side of the nucleosome is differ-
ent. The move at the ultimate contact base pair will be wrapping it back
around the nucleosome and lowering the energy by Eads. Since the energy
is lowered the move will always be accepted. Alterations to the base pair
steps ”down the stream” will not unwrap this ultimate contact pair and
thus it will always be wrapped around the nucleosome at the end of the
Monte Carlo cycle and we find that Punwrap, left = 0. This is different from
the probability we find for unwrapping from the left and this causes an
artificial asymmetry.
To solve this problem the sequence of Monte Carlo steps was altered.
As depicted in Fig. 2.5, the algorithm will run from the start of the nu-
cleosomal DNA towards the center of the nucleosomal DNA which we
define as the median fixed base pair. Then it moves from the end of the
nucleosomal DNA backwards to the median fixed base pair. In this way
the previously mentioned artificial asymmetry is avoided. After all base
22
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pair steps in the nucleosomal DNA are updated the algorithm runs further
through the linker DNA towards the next nucleosome.
Figure 2.4: Rewrapping of nucleosomal DNA. Nucleosomal DNA is depicted as a
red line. The contact points are the red numbered dots. In the initial configuration
the first two contact base pairs are not wrapped around the nucleosome. Contact
points three to fourteen are in contact with the nucleosome and are thus fixed
base pairs. When the Monte Carlo algorithm arrives at the base pair step before
the first contact base pair it rewraps the first two contact base pairs, decreasing
the energy by 2Eads.
2.2 Mononucleosome Pulling
To test our simulations we ran two virtual mononucleosome pulling ex-
periments. A 1KX5 nucleosome with 250 base pair handles was subjected
to an increasing force from 0 pN to 20 pN, with 94 force points in between.
These simulations were done for two adsorbtion energies of 3.8kBT and
10kBT.
To speed up the simulation parallel processing was utilized. The force
range was divided up in to 8 parts, each 2.5 pN wide and containing 12
evenly spaced points. Simulations of the mononucleosome pulling exper-
iment were done independently for every range, with a 1000 Monte Carlo
cycles extra at the starting force to make sure that the DNA-nucleosome
complex was in its equilibrium state.
For each force we ran 1000 Monte Carlo cycles. At the end of each
cycle the total extension in the z-direction was stored. At the the end of
the thousand cycles the average extension was saved together with the
force.
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Figure 2.5: The nucleosomal DNA Monte Carlo scheme. The contact points are
the big red vertical lines, with the central fixed base pair the largest red vertical
line. The horizontal arrows depict the direction of the Monte Carlo algorithm.
After updating the ”left” linker DNA the algorithm runs from the first base pair
of nucleosomal of DNA to the central or median fixed base pair. After that it
updates from the ultimate nucleosomal base pair to the central or median fixed
base pair (from ”right” to ”left”. Then the algorithm continues with the ”right”
linker DNA.
2.3 Nucleosome breathing
After each Monte Carlo cycle the status of every base pair that forms a con-
tact point in the nucleosome was stored. Unwrapped contact base pairs
are defined as those for which the energy in Eqn. 2.1 equals Eads. Since the
spring constant in Eqn. 2.1 is independent of the adsorbtion energy this
means that the distance at which a fixed base pair is disassociated from the
nucleosome increases as the adsorbtion energy increases. Rewriting Eqn.
2.1 we find that this distance rmax is given by:
rmax =
√
Eads
k
(2.4)
However, these variations in rmax are rather small. Adsorbtion energy of
3kBT and 10kBT give a maximum distances of respectively 0.9 A˚ and 1.6 A˚.
This difference is smaller than either of the three dimensions of a base pair
and is not expected to significantly alter the outcomes of the nucleome
breathing experiments.
Adsorbtion energies were set at 2.85kBT, 3kBT, 3.44kBT and 10kBT.
There was no applied tension. The simulated nucleosome was constructed
from the 1KX5 PDB file and it had handles of 10 base pairs. The number of
Monte Carlo cycles was 2000 for each adsorbtion energies. For each fixed
base pair we calculated the probability of being unwrapped at a certain
force by dividing the number of cycles in which it was unwrapped by the
24
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total number of cycles.
A 250 base pair handle was placed between the starting base pair and
the nucleosome. This handle is longer than the persistence length of DNA
(around 50 nm or 150 base pairs) and removes the directional preference
of the nucleosome.
Tensions between 1 pN to 5 pN, in increments of 1 pN, were applied on
a 1KX5 nucleosome with 250 base pair handles and an adsorbtion energy
of either 3kBT or 10kBT.
2.4 Creating chromatin fibers
To look at higher order structure, we need to define an interaction en-
ergy between nucleosomes. However, pending more detailed biophysical
characterization we start to define relative nucleosome positions in a way
similar to the base pair model, by setting step parameters between nucle-
osomes.
To calculate the step parameters for the nucleosome steps the origin of
a nucleosome is defined as the center of mass of the 80 central base pairs
in the PDB file and the nucleosomal frame is defined by an x-axis pointing
from this origin to the dyad or central base pair, a z-axis perpendicular to
the top face of the nucleosome and the y-axis perpendicular to them both.
Together they form the nucleosome coordinate frame. These coordinates
are shown in Fig. 2.6
Just three parameters can completely define the location and orienta-
tion of the nucleosomes in a regular fiber: center-to-center distance (h),
nucleosome line distance (σ) (the vertical distance along the fiber between
two nucleosomes) and fiber radius (R). These parameters are shown in
Fig. 2.7(a). Both the solenoid and zigzag case can be captured in this for-
malism.
The centers of mass of the nucleosomes lie on a cylinder. This is shown
in Fig. 2.8 The radius of this cylinder is given by R = D2 − rnuc , with rnuc
the radius of a nucleosome (around 45 A˚). We can draw lines connecting
the center of mass of each nucleosome to the center of this cylinder and
project these onto the base of the cylinder. The step angle θ is defined as
the angle between the two lines associated with neighboring nucleosomes.
Its value, using the small-angle approximation, is given by Eqn. 2.5.
θ =
√
h2 − σ2
R
(2.5)
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Figure 2.6: The nucleosome coordinate frame. The origin is defined as the center
of mass of the 80 central base pairs and the x-axis (yellow in the figure) runs from
this origin to the dyad. The z-axis is perpendicular to the face of the nucleosome
and the y-axis perpendicular to them both
Note that in the definitions the center-to-center distance between nu-
cleosomes is equivalent to the rise (Dz) as defined in the CAHS frame-
work. Equivalently, the twist ω and roll ρ are then given by:
ω =
θh
σ
(2.6)
ρ =
√
θ2 −ω2 (2.7)
In a two-start chromatin fiber, the nucleosomes are placed in two spi-
rals on opposite sides of the cylinder. The locations of the nucleosomes
along these spirals can be described in terms of an angle s. The first nu-
cleosome of the fiber is at s = 0 on the first spiral, while the second nu-
cleosome is at t = θ2 on the second spiral. θ is defined in the following
way:
θ =
√
h2 − (2σ)2
R
(2.8)
This is similar to the step angle in the solenoid case, except that the NLD
is multiplied by a factor of 2 since there are two spirals of nucleosomes in
the cylinder.
We also define a spiral angle γ, which is the angle the spirals make
with the base of the cylinders. It is given by:
26
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cosγ =
2h
σ
(2.9)
Using Eqn: 2.8 and Eqn. 2.9 we can calculate the origins (r) and frames
(F) of the first two nucleosomes These coordinate frames are shown in Fig.
2.8.
r1 =
R0
0
 , r2 =
R cos θ2R sin θ2
σ
 (2.10)
F1 =
−1 0 00 − cosγ sinγ
0 sinγ cosγ
 , F2 =
cos θ2 − cosγ sin θ2 sinγ sin θ2sin θ2 − cosγ cos θ2 sinγ cos θ2
0 sinγ cosγ

(2.11)
Using inbuilt functionality from HelixMC [39], the six step parameters
can be calculated from the origins and frames in Eqn. 2.10 and Eqn. 2.11
For both the solenoid and the zigzag fiber the relative positions are
defined such that the step parameters are identical for every pair of con-
secutive nucleosomes. This allows us to create a fiber by just placing new
nucleosomes in the fiber with those step parameters compared to the pre-
vious nucleosome until the fiber is of desired length.
2.4.1 Creation of linker DNA
The configuration of the linker DNA, however, is not so easily calculated.
It needs to be bent, especially in the two-start case, to connect the two
nucleosomes. This can be done by modulating the step parameters in the
linker DNA.
In the initial configuration all basepair steps have step parameters equal
to their average value, which means that the DNA is straight. Using such
straight DNA, there is a large discontinuity in DNA at the end of the linker
DNA, which is called the cut. To bend the DNA we altered the roll (ρ) and
twist (ω) of the step parameters with 5 new parameters that define the
shape of the DNA (twist (T), amplitude (A), phase (φ), twist frequency
( fT) and modulation frequency ( fm):
ρ = A cos
(
2pi fm
(
i
N
− 1
2
))
cos
(
fT
2pii
T
+ φ
)
(2.12)
ω =
2pi
T
(2.13)
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In these equations i is the base pair step index while N is the number of
base pairs in the linker DNA minus one.
We created a graphical user interface in which those parameters can
be adjusted manually with sliders while a 3d plot of the linker DNA up-
dated in real time. In some cases, connecting two nucleosomes with linker
DNA in this way might result in extremely bent linker DNA. Some of this
stress can be relieved by unwrapping the nucleosomal DNA. The unwrap-
ping of the nucleosomes can therefore also be modified. The energy, twist,
slide, shift and rise at the cut are also displayed in order to manually min-
imize the energy at the cut. In this way, configurations with minimal bend
could be generated. After this initial configuration was found a Python
script minimizes the energy by cycling through the linker DNA modulat-
ing parameters, adding or subtracting 0.001 for each parameter until the
energy of the cut did not decrease anymore and then repeating this for
the next parameter. The script continues this loop until the energy of the
cut dropped below a set minimum (around 25kBT). Subsequently Monte-
Carlo was applied to relax the linker DNA even further until the energy at
the cut equaled 10kBT.
2.5 Fiber linking number and writhe
Using the method outlined in the previous section we created solenoid and
zigzag dinucleosomes for both crystal structures. These dinucleosomes
form the unit from which fibers of arbitrary length can be constructed.
It has been suggested that the topology of a fiber depends on the linker
length [22]. The nucleosome repeat length (NRL) is defined as the distance
in base pairs between the dyad base pairs of two consecutive nucleosomes.
It equals linker length + 147.
For every kind of fiber (1KX5 with NRLs of 197 and 170 and 4QLC with
NRLs of 197 and 167) we created fibers with lengths between 2 nucleo-
somes and 99 nucleosomes. Fibers with 99 nucleosomes should be long
enough to minimize the effects of DNA handles on the average linking
number per nucleosome. The linking numbers and writhes of these fibers
were calculated with the method as described by Rosetto and Maggs [19].
At 4 pN chromatin fibers rupture in a beads-on-a-string structure in
which only the inner 85 base pairs of nucleosomal DNA stay bound to the
nucleosome [27]. 100 Monte Carlo cycles at 4 pN were applied to the linker
DNA and those 31 base pairs unwrapped from each nucleosome. For
comparison the linking numbers and writhes of those four correspond-
ing beads-on-a-string structures were calculated. These structures consist
28
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of ten nucleosomes with only one turn of wrapped DNA (or, equivalently,
the first 31 base pairs on each side are unwrapped).
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(a)
(b)
Figure 2.7: The parameters for constructing a solenoid fiber. R is the radius of the
cylinder on which the nucleosomes lie, σ is the nucleosome line distance, θ the
step angle and h the nucleosome center-to-center distance.
30
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Figure 2.8: The coordinate frames of the nucleosomes are marked by the black
dots with the three arrows extending from it. Each arrow represents a basis vec-
tor of the nucleosomal coordinate frame: yellow for the x-axis pointing from the
nucleosome towards the center-line of the fiber, green for the y-axis and red for
the z-axis along the spiral. This figure corresponds to the zigzag case, in the
solenoid case there is a single spiral instead.
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Results
3.1 Mononucleosome pulling
It is known from earlier studies [27][28] that there are three distinct states
in nucleosome unwrapping when a pulling force is applied. Nucleosomes
with 250 base pair handles in these states behave approximately like a
worm-like-chain with differing contour lengths: completely wrapped (a
contour length of 166 nm), one turn wrapped (189 nm) and completely un-
wrapped (215 nm. Renders of those three states are shown in Fig. 3.1.
We simulated tweezer experiments on a 1KX5 nucleosome with 250
base pair handles and adsorbtion energies of 3.8kBT and 10kBT. The ap-
plied force range was 0 pN to 20 pN. The results of these pulling simu-
lations are shown in Fig. 3.2. The force extension curves of three worm-
like-chains corresponding to different states of nucleosome unwrapping
are also shown.
The force extension curve of the mononucleosome with an adsorbtion
energy of 10kBT is shown in Fig. 3.2(a). At low forces it resembles the force
extension curve of DNA with a total length of 166 nm, albeit the forces are
slightly higher. Then, between a force of 2.5 pN and 3.8 pN the mononu-
cleosome curve starts crossing over towards the force extension curve of
DNA with a total length of 189 nm. At 13 pN there is a sudden transi-
tion towards the WLC of length 215 nm. However, there is also a group of
points at a higher force (at 15 pN) which is on the 189 nm line.
In Fig. 3.2(b) we see the force extension curve for a mononucleosome
with an adsorbtion energy of 3.8kBT. As with the other curve it resembles
the force-extension curve of WLC with total length of 166 nm. The transi-
tion from this curve towards the curve of a WLC with a length of 189 nm
occurs between 1 pN and 2 pN. Starting from 5 pN the mononucleosome
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Figure 3.1: The three stages of nucleosome unwrapping. From left to right: a
completely wrapped nucleosome, a nucleosome with only the last turn of DNA
wrapped around it, a completely unwrapped nucleosome.
force-extension curve lies on the force-extension curve of a WLC with a
total length of 215 nm.
3.2 Nucleosome breathing
We simulated nucleosome breathing experiments to determine the prob-
ability of DNA unwrapping from the nucleosome at different forces. The
results for these simulations are displayed in Fig. 3.3. There is a strong
asymmetry in the opening statistics for a nucleosome with an adsorbtion
energy of 2.85kBT, which is absent in the diagrams of the larger adsorbtion
energies.
It is interesting to compare the simulation results with experiment.
Koopmans et al. [24] found that the first two contact points are opened
10 % of the time. The opening fractions in the simulations are shown in
Table 3.1.
The results for nucleosome breathing under tension are shown in Fig.
3.4 and Fig. 3.5. The figures on the left side contain the results of the
breathing simulation for a nucleosome with an adsorbtion energy of 3kBT,
while the outcomes for a 10kBT are on the right.
The breathing statistics for a nucleosome with a 3kBT adsorbtion en-
34
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(a) Force-extension curve of a mononucleosome with an adsorb-
tion energy of 10kBT.
(b) Force-extension curve of a mononucleosome with an adsorb-
tion energy of 3.8kBT.
Figure 3.2: The cyan dots form the force-extension curve of a mononucleosome
with an adsorbtion energy of 10kBT. The blue, green and red lines are the force
extension curves of worm-like-chains with total lengths of respectively 166 nm,
189 nm and 215 nm. These WLCs have a persistence length of 50 nm, the same as
DNA.
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ergy does not change significantly with the applied tension. The first fixed
base pair on the left seems to open in a fraction of 0.4-0.6 while on the right
it opens in a fraction of around 0.6. Subsequent contact point open with a
probability slightly larger than half that of their outer neighbor.
For a breathing nucleosome with an adsorbtion energy of 10kBT the
breathing probabilities are very low. The outer two contact points open
less than 10% of the time for all forces. Another unexpected result is that
at 5 pN the third contact point from the right opens more often than the
last two.
Table 3.1: Opening probability for the left and right second contact points for
different adsorbtion energies at zero tension
Adsorbtion energy (kT) Left side Right side Average
2.85 27% 6% 16.5%
3 23% 33% 28%
3.44 13% 10% 11.5%
10 3% 0% 1.5%
3.3 Chromatin structures
We created two solenoid fibers with a NRL of 197 from the 1KX5 and 4QLC
PDB files. These fibers had a diameter of 33 nm, a NLD of 1.7 nm and a face
to face distance of 10 nm. The first 20 base pairs from each nucleosome
were unwrapped. These two solenoid fibers were almost identical except
for the crystal structures of the nucleosomes.
This was, however, not the case for the zigzag fibers. Using the 1KX5
crystal structure we made a 170 NRL zigzag fiber (connecting a linker of
length 23 was easier than connecting a linker of 20 base pair length) . It
had a diameter of 24 nm and a nucleosome line distance of 2.9 nm and no
unwrapped base pairs. With the 4QLC crystal structure it was possible
to generate a fiber with a NRL of 167, a diameter of 22 nm and a NLD of
3.4 nm−1 and five unwrapped base pairs on each side. For both fibers the
face-to-face distance was 10 nm. The created dinucleosomes are shown in
Fig. 3.6. A solenoid and zigzag fiber, both with a length of 12 nucleosomes
are shown in Fig. 3.7 and Fig. 3.8.
The linker DNA started out as straight with a large discontinuity at the
cut. To evaluate if the bending of the linker DNA is realistic the energy per
base pair step in the linker DNA is plotted in Fig. 3.9. The energies per
base pair step in the linker DNA are typically smaller than those found
36
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(a) (b)
(c) (d)
Figure 3.3: Nucleosome breathing statistics at zero tension for four different ad-
sorbtion energies: 2.85kBT (a), 3kBT (b), 3.44kBT (c) and 10kBT (d). The probability
for each contact point opening is represented by the height of the bars.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.4: Nucleosome breathing statistics at tensions between 1 pN and 3 pN
for adsorbtion energies of 3kBT and 10kBT. The frequency for each contact point
opening is represented by the height of the bars.
38
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(a) (b)
(c) (d)
Figure 3.5: Nucleosome breathing statistics at tensions of 4 pN and 5 pN for ad-
sorbtion energies of 3kBT and 10kBT. The frequency for each contact point open-
ing is represented by the height of the bars.
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(a) (b)
(c) (d)
Figure 3.6: The four created dinucleosomes. Clockwise from topleft: 1KX5 dinu-
cleosome with 50 base pair linker length, 4QLC dinucleosome with 50 base pair
linker length, 4QLC dinucleosome with 20 base pair linker length, 1KX5 dinucle-
osome with 23 base pair linker length
in the nucleosome. Of course the bending energy in nucleosomal DNA is
compensated by the adsorbtion energy at the contact points, however, in
a chromatin fiber, the bending energy of the linker DNA would be com-
pensated by the nucleosome-nucleosome interaction energy. Since those
nucleosome structures are retrieved from the PDB we can conclude that
the bending energies from the constructed linker are not unrealistic.
3.4 Fiber linking number and writhe
Repeating the dinucleosomes (solenoid and zigzag for both crystal struc-
tures; i.e. 4 dinucleosomes) from the previous section generated fibers
40
Version of October 6, 2016– Created October 6, 2016 - 15:10
3.4 Fiber linking number and writhe 41
Figure 3.7: A render of a 12 nucleosome solenoid fiber. The nucleosomes are
represented by the red spheres.
Figure 3.8: A render of a 12 nucleosome zigzag fiber. The nucleosomes are repre-
sented by the red spheres.
containing between two to hundred nucleosomes. Using HelixMC the
linking numbers and writhes of those fibers were calculated. These re-
sults are shown in Fig. 3.10 (the solenoid fibers) and Fig. 3.11 (the zigzag
fibers).
The average linking number per nucleosome for a long solenoid fiber
(more than 50 nucleosomes) is 16.824 turns (16.819 turns and 16.829 turns
for respectively 1KX5 and 4QLC). The writhe per nucleosome for such a
fiber is -1.686 turns (-1.674 turns and -1.698 turns for respectively 1KX5
and 4QLC).
In case of a stretched 10 nucleosome 1KX5 array with a NRL of 197 in
which the outer 60 base pairs unwrap, the average linking number and
writhe per nucleosome is respectively 17.74± 0.05 turns and −0.89± 0.02
turns. With 4QLC the average linking number per nucleosome is 17.82±
0.06 turns and the average writhe is −0.95± 0.02 turns per nucleosome.
Subtracting the linking number of a stretched nucleosome array from
the linking number of a solenoid fiber we can calculate the difference in
linking number due to fiber structure. We find that for 1KX5 ∆Lkfiber =
−.92± 0.02 and for 4QLC ∆Lkfiber = −.99± 0.06
For a long zigzag fiber the average linking number per nucleosome is
14.256 turns (14.261 turns for 1KX5 and 14.251 turns for 4QLC). The aver-
age writhe, however, differs by 0.111 turns, which is a magnitude larger
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(a) (b)
(c) (d)
Figure 3.9: Plots of the sum of the deformation energy of the six degrees of free-
dom per base pair step of different dinucleosome structures. The linker DNA is
marked by red. Clockwise from top left: energy per basepair step for the linker
DNA of 1KX5 NRL 197, energy per basepair step for the linker DNA of 4QLC
NRL 197, energy per basepair step for the linker DNA of 4QLC NRL 167 and
energy per basepair step for the linker DNA of 1KX5 NRL 170
42
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than the difference in linking number. It is -1.649 turns per nucleosome for
1KX5 and -1.760 turns per nucleosome for 4QLC.
In its stretched form a 170 NRL 1KX5 array of length 10 has an aver-
age linking number per nucleosome of 15.37± 0.07 turns and an average
writhe of −0.90± 0.02 turns per nucleosome. A 167 NRL 4QLC array of
length 10 has an average linking number of 15.15 ± 0.04 and writhe of
−0.98± 0.03 turns.
In the zigzag case we find the following differences in linking number
due to fiber structure: ∆Lkfiber = −1.11± 0.07 and ∆Lkfiber = −0.89± 0.04
for respectively 1KX5 and 4QLC. Thus, for both fibers we find a change
in linking number after forced rupture of nucleosome-nucleosome inter-
actions of around 1.
Figure 3.10: Average linking numbers (left) and writhes (right) per nucleosome
for solenoid fibers with different lengths generated from 1KX5 (blue) and 4QLC
(red) crystal structures. For comparison the average linking number and writhe
per nucleosome for arrays of 1KX5 and 4QLC with the same nucleosome repeat
length at 4 pN of tension is included (red and blue lines).
(a) (b)
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Figure 3.11: Average linking numbers (left) and writhes (right) per nucleosome
for zigzag fibers with different lengths generated from 1KX5 (blue) and 4QLC
(red) crystal structures. For comparison the average linking number and writhe
per nucleosome for arrays of 1KX5 and 4QLC with the same nucleosome repeat
lengths at 4 pN of tension is included (red and blue lines).
(a) (b)
44
Version of October 6, 2016– Created October 6, 2016 - 15:10
Chapter4
Discussion
4.1 Mononucleosome pulling
When running Monte Carlo simulation it is important to determine if equi-
librium has been reached. Recall that the force range is split up into sub-
ranges with a width of 2.5 pN. At the beginning of each range the DNA is
completely wrapped around the nucleosome and as the Monte Carlo algo-
rithm progresses the DNA comes closer to its equilibrium configuration.
For a force at the border of two ranges, there are two data points. One
is obtained after after running through 12 Monte Carlo simulations with
1000 steps each and a gradually increasing force. The second is the aver-
age extension of 1000 steps with just a single run of 1000 steps before it at
the same force. If equilibrium was not reached in 1000 steps the extension
would be significantly smaller after just 2000 steps than it would be after
12000 steps.
In Fig. 3.2(a) we do not see such lonely points left of the bulk of the
data, but in Fig. 3.2(b) they occur with a separation of 5 nm at 7.5 pN,
10 pN, 12.5 pN, 15 pN, and 17.5 pN, which are the partitions of the force
range. This indicates that in case of an adsorbtion energy of 10kBT 1000
runs is sufficient to reach equilibrium. In case of an adsorbtion energy
of 3.8kBT it is slightly insufficient, however after the next 1000 runs the
simulation is in equilibrium.
At low forces the force extension curve of the mononucleosome for
both adsorbtion energies lies slightly above the curve of a worm-like-chain
with a total length of 166 nm. This worm like chain corresponds to DNA
with a length of 500 base pairs. In the simulation the nucleosome had
handles of 500 base pairs, however, these do not exit the nucleosome anti-
parallel, but at an angle. This causes the extension of the nucleosome to be
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smaller than that of a DNA strand with a length of 500 base pairs.
In case of an adsorbtion energy of 10kBT the first transition, between
166 nm and 189 nm worm-like chain behavior, occurs at 2.5 pN to 3.5 pN
and for an adsorbtion energy of 3.8kBT it occurs at 1.5 pN. The relatively
wide force range and the large number of data points indicates it is a re-
versible transition, but to confirm this the simulation should be run in
reverse. In force spectroscopy experiments this transition is also observed
[27][30] at a force of 3 pN. Matching the simulated rupture force with ex-
perimental data suggests an adsorbtion energy of around 10kBT. This is
higher than the theoretical estimate of the bending energy by Schiessel,
who sets it at 4kBT [46]. Note however that this adsorbtion energy is a net
energy and takes into account the energy to bend 147 base pairs 1.7 turns
around the nucleosome. In the Monte Carlo simulation this bending en-
ergy is never explicitly added to the energy function, instead it defines the
distribution from which new base pair steps are sampled. Because of this,
the adsorbtion energy in our program should be higher than the theoret-
ical estimate. Therefore, an adsorbtion energy of 10kBT is not necessarily
in contradiction with Schiessels estimate.
The second transition, occurring at 13.3 pN for an adsorbtion energy of
10kBT and at 5 pN for an adsorbtion energy of 3.8kBT, is relatively sud-
den, with only a single or a few data points between the two WLC curves.
In Fig. 3.2(a) there are, however, also four points on the 189 nm line at a
higher force (15 pN) than the force at which the second transition occurs.
To account for this remember that at the beginning of each force range the
DNA is completely wrapped around the nucleosome and as the Monte
Carlo algorithm progresses the DNA comes closer to its equilibrium con-
figuration. The fact that it takes more than 4000 steps (four data points)
to cross over from the 189 nm curve to the 215 nm curve indicates that this
transition is not in equilibrium and corresponds to a non-reversible rup-
ture event. However, to fully determine if this transition is indeed non-
reversible the experiment would have to be done in reverse to see if any
hysteresis occurs.
Both transitions also occur in actual force spectroscopy experiments
on single nucleosomes [27][30] and are also consistent with the theory of
nucleosomes being 1.7 turns of DNA wrapped around a cylinder [28].
4.2 Nucleosome breathing
Studies by Koopmans et al. [24] into nucleosome breathing reveal that the
second contact point is opened around 10-20% of the time. In the sim-
46
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ulated nucleosome breathing experiments this opening probability is as-
sociated with an adsorbtion energy of 3.44kBT. This is close to the rough
theoretical estimate of 4kBT [46], but in disagreement with the results from
the simulated force spectroscopy experiments, which imply an adsorbtion
energy of 10kBT.
The results for nucleosome breathing are very unexpected. It is hard to
account for the fact that the applied tension does not influence the breath-
ing statistics, especially in case of the lower adsorbtion energy. From ex-
periments [30] [27] it is known that at forces higher than 4 pN only the
inner turn of DNA should stay wrapped around the nucleosome. As dis-
cussed in the previous section, this transition is also observed in our sim-
ulated tweezer experiments at a force of 1.5 pN for an adsorbtion energy
of 3.8kBT and at 3 pN if the adsorbtion energy is 10kBT. Although there
are no relaxation steps, 2000 steps are sufficient to reach equilibrium in the
force spectroscopy experiments. The equilibrium state should vary with
the force, which is not the case in our nucleosome breathing results.
By looking at intermediate structures (Fig. 4.1) from the nucleosome
breathing experiments we find that the outer turn of the nucleosome seems
to be unwrapped a significant amount of the time. In Fig. 4.1 three inter-
mediate configurations from a nucleosome breathing experiment with an
adsorbtion energy of 10kBT at 5 pN are shown. In these examples the outer
turn of the nucleosomal DNA is unwrapped, which agrees with the results
from the pulling experiments but not with those from the breathing exper-
iments.
At 5 pN and with an adsorbtion energy of 10kBT the third contact point
from the right is opened more often than the two on its outer side, and the
contact points on its inner side are never open. It is highly unlikely that a
contact point is opened while both its neighbors are closed and we suspect
that there must be an error in the way the program counts open contact
points, but it is unclear yet what this error is. The energy of a contact point
is determined in the same way as in the energy function, which is also used
for the force spectroscopy experiments, yet the result is not consistent with
the mononucleosome pulling simulations.
4.3 Fiber linking number and writhe
4.3.1 Linking number
We find that fiber structures adds ∆Lkfiber = −.92± 0.02 and ∆Lkfiber =
−.99± 0.06 for respectively 1KX5 and 4QLC solenoid fibers compared to
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(a)
(b)
(c)
Figure 4.1: Several snapshots of a nucleosome breathing experiment with an ad-
sorbtion energy of 10kBT at a force of 5 pN. The outer turn of nucleosomal DNA
is clearly unwrapped.
48
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the beads-on-a-string structure. In the case of zigzag fibers the added link-
ing number is ∆Lkfiber = −1.11± 0.07 for 1KX5 and ∆Lkfiber = −0.89±
0.04 for 4QLC compared to the beads-on-a-string structure. Compared to
bare DNA of similar length we find a ∆Lk of -2.1, which agrees with theo-
retical work done by Abraham Worcel [48], which is strange, since in that
paper the linker DNA is outside instead of inside the 30 nm fiber.
A solenoid fiber is a left handed with six to seven nucleosomes per full
helix twist. This would add a writhe of -0.17 to -0.14 turns per nucleosome.
Another negative contribution comes from the linker DNA that is slightly
underwound. A 70 base pair long strand of DNA would have a twist of
6.7 helical turns, however the twist of the linker in the 1KX5 solenoid fiber
is just 6.4 helical turns, which decreases the total linking number by 0.3.
In the solenoid fiber 127 base pairs are wrapped around the nucleosome,
while in the beads-on-a-string structure only the inner 86 base pairs are
bound to the histone octamer. Since the DNA in the nucleosome is under-
wound this also contributes -.2 helical turns of twist. This leaves around
-0.2 to -0.3 linking number per nucleosome unaccounted for, which may
be due to more complex geometric properties of the linker DNA.
Compared to bare DNA of similar length, the difference in linking
number per nucleosome, ∆Lk, for the zigzag fibers is found to be -2.1 for
the 1KX5 structure and -2.2 in the 4QLC structure, close to the -1 of nu-
cleosomes not in chromatin, which indicates that a zigzag structure does
not have a significant effect on linking number. These fibers have linker
lengths of 23 and 20 base pairs respectively. In previous theoretical re-
search it is found that in zigzag fibers with linkers of 20 base pairs the
average ∆Lk is around -1.4, while for linkers of 25 base pairs ∆Lk= − 1.0
[22]. Experiments on closed circular DNA with chromatin [49] also indi-
cate a change in linking number of -1 per nucleosome, which means that
our calculated difference in linking number is between -1.1 to -.7.
4.3.2 Writhe
The writhes per nucleosome of the beads-on-a-string structures were ex-
pected to be around -1 (since there is only one turn still wrapped around
the nucleosome), but we found them to be slightly lower in our simulated
structures. For both 1KX5 structures the writhe was with -0.9 turns per
nucleosome higher than expected. The average writhe per nucleosome for
the 4QLC structures was slightly higher, with -0.95 turns for the 197 repeat
length and -0.98 turns for the 167 repeat length. These discrepancies could
be due to the fact that 86 wrapped base pairs might constitute slightly less
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than one wrapped turn.
In the solenoid case the average writhes per nucleosome of the 1KX5
fiber is -1.674 turns and for the 4QLC fiber it is -1.698 turns. The literature
value of writhe per nucleosome is -1.75 [45], which is slightly lower than
the values found in our research. This is not inconsistent however, since
in our fibers the first 20 base pairs of nucleosomal DNA are unwrapped
and the linker DNA and chromatin structure also contribute to the total
writhe.
While the writhes of the two solenoid fibers based on two different PDB
structures only differ by 0.024 turns per nucleosome, those of the zigzag
fibers differ by 0.111 turns per nucleosome (-1.649 turns per nucleosome
for 1KX5 and -1.760 turns per nucleosome for 4QLC). The two fibers did
not have the same nucleosome repeat length, diameter and and nucleo-
some line distance, so there is no reason to expect them to have the same
writhe per nucleosome. Both numbers are still close to the writhe of -1.75
turns found in nucleosomes outside chromatin [45].
4.4 Outlook
This software can form the basis of a chromatin simulation package. The
simulated force spectroscopy data is in good agreement with experiments
and show that this method is viable for simulating nucleosome dynamics
and hopefully chromatin fibers one day.
However it is far from finished. The nucleosome breathing experi-
ments need to be redone. It is not yet possible to simulate nucleosome-
nucleosome interactions, which drive the formation of higher order struc-
ture. However, as described below, our program already comes with a
foundation for setting up such simulations.
For the creation of chromatin fibers we devised a framework in which
to define nucleosome orientations and positions relative to each other.
These relative positions and orientations can be converted into six nucleo-
somal step parameters.
In the next step the energy of nucleosome-nucleosome interactions would
be given by a quadratic potential in all six degrees of freedom. This is sim-
ilar to the energy of a DNA base pair step. On the assumption that the
flexible H4 N-terminal tails are the cause of the interactions the rotational
stiffness, the spring constant for the three rotational degrees of freedom,
can be set to zero (nucleosomes are allowed to freely rotate with respect to
each other) but the translational stiffness, the spring constant for the three
translational degrees of freedom, should be quite high.
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Steric effects and electrostatic repulsion between DNA base pairs are
not included in the model. Steric clashes may already occur in mononu-
cleosome simulations. A possible example is seen on the left side in Fig.
3.1. This does not seem to have large effect on the extension data though.
When constructing chromatin fibers it is also possible to manually check
that there are no steric clashes. However, linkers are quite close to each
other in chromatin fiber. These steric effects must be taken into account to
prevent linkers from crossing each other, which would significantly affect
topology.
By simulating force spectroscopy experiments on chromatin fibers qual-
itative and quantitative differences in the response to tension between dif-
ferent structures can be predicted. These hypothesizes could be tested
with single molecule experiments. Moreover, topology in the form of link-
ing number plays an important part in the transcription of DNA [47]. Thus
a better model of chromatin structure may lead to a better understanding
of gene expression. In this way research into chromatin structure provides
a link from the small scale world of DNA to the biology of the entire cell
and beyond.
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